The lactate dehydrogenase of Lactobacillus casei, like that of streptococci, requires fructose-1,6-diphosphate (FDP) for activity. The L. casei enzyme has a much more acidic pH optimum (pH 5.5) than the streptococcal lactate dehydrogenases. This is apparently due to a marked decrease in the affinity of the enzyme for the activator with increasing pH above 5.5; the concentration of FDP required for half-maximal velocity increases nearly 1,000-fold from 0.002 mM at pH 5.5 to 1.65 mM at pH 6.6. Manganous ions increase the pH range of activity particularly on the alkaline side of the optimum by increasing the affinity for FDP. This pH-dependent metal ion activation is not specific for Mn2+. Other divalent metals, Co2+, Cu2+, Cd2+, Ni2+, Fe2+, and Zn2+ but not Mg2+, will effectively substitute for Mn2+, but the pH dependence of the activation differs with the metal ion used. The enzyme is inhibited by a number of commonly used buffering ions, particularly phosphate, citrate, and tris(hydroxymethyl)aminomethane-maleate buffers, even at low buffer concentrations (0.02 M). These buffers inhibit by affecting the binding of FDP.
Lactobacillus casei is one of the few lactobacilli forming only the L( +) isomer of lactic acid (13) . However, in a study of the lactate dehydrogenases of this species, Mizushima and Kitihara (12) were unable to detect any nicotinamide adenine dinucleotide (NAD)-dependent L-lactate dehydrogenase (L-lactate:NAD+ oxidoreductase, EC 1.1.1.27). They suggested that L-lactic acid formation might be due to the activity of an NAD-independent flavin-containing L-lactate dehydrogenase. De Vries et al. (3) showed, however, that an NAD-linked L-lactate dehydrogenase was present, but that the enzyme required fructose-1,6-diphosphate (FDP) and manganous ions for activity.
FDP is known to be required for activity of L-lactate dehydrogenases of streptococci (6, 14, 15) and of Bifidobacterium bifidum (2) , but the requirement has not been found in other lactobacilli. Since London et al. (7, 8) have recently demonstrated a close resemblance between both the FDP-aldolase and an inducible malic enzyme of L. casei and the corresponding enzymes in Streptococcus faecalis, it was of interest to compare the properties of the FDP-activated lactate dehydrogenase of L. casei with the streptococcal lactate dehydrogenases.
The present paper reports a partial purification and a study of the effects of pH, FDP, and metal ions on the activity of the L-lactate dehydrogenase of L. casei var. rhamnosus.
MATERIALS AND METHODS
Organism and growth of cultures. L. casei var. rhamnosus ATCC 7469 (NCIB 6375) was obtained from the National Collection of Industrial Bacteria, Torrey Research Station, U.K. Cultures were grown in 20 liters of Gasser (3) medium in a 50-liter New Brunswick Fermacell fermentor at 30 C. The medium was gassed with nitrogen before inoculation, and a nitrogen atmosphere was maintained over the medium throughout growth. The culture was stirred at an impeller speed of 50 rpm. pH was maintained at 5.9 to 6.0 by addition of 2.5 M NaOH throughout growth. Cells were harvested by centrifugation at the end of the logarithmic phase of growth. Approximately 300 g (wet weight) of cells was obtained from 20 Effect of pH on activity. The pH profile of the enzyme (Fig. 3) was determined by using 0.05 M acetate and imidazole buffers, 0.167 mM NADH and 10 mM pyruvate (which were shown to be virtually saturating concentrations), and 1 mM FDP. The pH optimum was at pH 5.5, and activity decreased rapidly on either side of the optimum. On the alkaline side, no activity was detectable at pH 7 or above. This pH profile contrasts with that of the FDP-activated streptococcal lactate dehydrogenases. For example, the pH profile of the S. cremoris lactate dehydrogenase showed a broad optimum from 5.5 to 7.5 (6) and was still active at pH 8.5.
When 1 mM MnCl2 was included in the assay mixture, the pH profile was broadened on either side of the optimum (Fig. 3) , particularly on the alkaline side. However, even in the presence of Mn2+, activity fell to zero by pH 7.7.
Effect of pH on the binding of FDP. The effect of varying FDP concentration on enzyme activity was determined at various pH values in 0.05 M acetate and imidazole buffers. The data are shown as a series of Hill plots in Fig. 4 . Below the optimum pH value (ca. 5.5) the slope of the Hill plot decreases to a value of one or lower, but at pH values above the optimum it remains constant, giving a value for the interaction coefficient of 1.6 to 1.7. However, the FDP concentration required for half-maximal velocity (M..5 ) increases almost 1,000-fold within one pH unit above the optimum from 2.0 uM at pH 5.5 to 1.65 mM at pH 6.6 (Fig. 5) Fig. 6 .
The manganese requirement for half-maximal velocity is largely independent of pH, and very little increase in activity was found at concentrations greater than 2 mM Mn2+ at this concentration of FDP (1 mM Fig. 7 . Activation by Co2+, Fe2+, Cu2+, and Ni2+ showed a pH dependence similar to that of Mn2 , falling rapidly with increasing pH to give only a relatively small activation at pH 6.9. With Cd2+ and Zn2+, on the other hand, enzyme activity showed much less change with increasing pH. Cadmium was the best activator at pH 6.9, whereas zinc, which gave no activation at pH 6.2, was a good activator at pH 6.9.
DISCUSSION
From the work of London et al. (7, 8) , indicating a close relationship between both the FDP aldolase and the malic enzyme of L. casei and the corresponding enzymes of S. faecalis, it would be expected that the FDP-activated lactate dehydrogenases of these two species would have similar properties. It is apparent from the present results that the lactate dehydrogenase of L. casei differs in a number of respects from that of S. faecalis (14) . These differences include the low pH optimum of the L. casei enzyme, the low concentration of FDP required for maximal activity at the optimum, the metal ion activation, and the high sensitivity to inhibition by phosphate and other buffer ions.
However, many of these differences could be due to relatively minor differences in protein structure in the region of the FDP-binding site. The major difference in the pH profiles of the L. casei and streptococcal lactate dehydrogenases appears to be due to the rapid decrease in affinity of the L. casei enzyme for the activator, FDP, as the pH is raised above the optimum.
The lactate dehydrogenase of S. faecalis also shows a decreased affinity for FDP as the pH is raised (14) Fig. 4 plus two additional determinations at pH 4.75 (acetate buffer) and pH 6.47 (imidazole buffer). (10) . The ionization of these two groups could clearly contribute to the decrease in affinity of the enzyme for FDP over the region 5.5 to 7.0 if there was a negatively charged group (or groups) on the enzyme in the vicinity of the FDP-binding site. The metal ion activation is also related to the binding of the activator and could similarly be accounted for by interaction of the negatively charged groups of the enzyme and activator with the metal ions, thus reducing the mutual repulsive forces that lead to loss of affinity. The high sensitivity to inhibition by polyvalent buffer ions such as phosphate and citrate may also be related to the particular nature of the FDP-binding site since these buffer ions appear to inhibit by affecting the affinity for FDP.
Thus, the apparent differences in properties of the L. casei and S. faecalis lactate dehydrogenases are not necessarily at variance with the idea that there may be a high degree of homology between the enzymes of the two species (8) .
The ability of L. casei to oxidize pyruvate under aerobic conditions (3, 11) 
